The bc 1 complex is a critical enzyme for the ATP production in photosynthesis and cellular respiration. Its biochemical function relies on the so-called Q-cycle, which is well established and operates via quinol substrates that bind inside the protein complex. Despite decades of research, the quinol−protein interaction, which initiates the Q-cycle, has not yet been completely described. Furthermore, the initial charge transfer reactions of the Q-cycle lack a physical description. The present investigation utilizes classical molecular dynamics simulations in tandem with quantum density functional theory calculations, to provide a complete and consistent quantitative description of the primary events that occur within the bc 1 complex upon quinol binding. In particular, the electron and proton transfer reactions that trigger the Q-cycle in the bc 1 complex from Rhodobacter capsulatus are studied. The coupled nature of these charge transfer reactions was revealed by obtaining the transition energy path connecting configurations of the Q o -site prior and after the transfers. The analysis of orbitals and partial charge distribution of the different states of the Q o -site has further supported the conclusion. Finally, key structural elements of the bc 1 complex that trigger the charge transfer reactions were established, manifesting the importance of the environment in the process, which is furthermore evidenced by free energy calculations.
■ INTRODUCTION
Cellular respiration and photosynthesis constitute the most fundamental energy conversion processes for sustaining living cells. These two processes rely on a series of energy transport events, where the electron and proton transfer reactions are the primary tools for energy transfer across the cellular energetic apparatus. One of the key elements involved in bacterial photosynthesis and mitochondrial respiration, which utilizes such electron and proton transfer reactions to effectively create a transmembrane proton gradient, is the bc 1 complex. 1−3 The bc 1 complex is a catalytic transmembrane protein that, by a series of proton and electron transfer reactions, oxidizes quinol (QH 2 ) cofactors at the so-called Q o active site and reduces quinone (Q) cofactors at the Q i active site, in an overall process referred to as the Q-cycle. 4 The initial step of the Qcycle corresponds to the binding of a QH 2 molecule to the Q osite followed by two electron transfer reactions, taking place in a bifurcated manner, toward different prosthetic groups of the bc 1 complex subunits. As depicted in Figure 1 , one electron is transferred to the heme c 1 of the cytochrome (cyt.) c 1 subunit via the Fe 2 S 2 cluster of the iron−sulfur protein (ISP) subunit, while a second electron is transferred to heme b H via heme b L of the cyt. b subunit. 3 During each QH 2 oxidation, the bifurcated electron transfer occurs alongside two proton transfers from the QH 2 to the positive side of the membrane, in order to create a transmembrane potential that is necessary for ATP synthesis. 4 The mechanism of the proton and electron transfers at the Q o -site of the bc 1 complex still remains elusive. However, it is believed that the bifurcation of the electrons is accompanied by the proton transfers, i.e., that electrons and protons are transferred simultaneously from QH 2 to the bc 1 complex in a coupled fashion. 5, 6 In fact, such proton-coupled electron transfer (PCET) reactions are common in various biological systems, 7, 8 but it has not been proven for the bc 1 complex yet. In this study, we investigate the possibility of coupled charge transfer reactions at the Q o -site of the bc 1 complex from Rhodobacter capsulatus, 9 and demonstrate the feasibility of the PCET process.
Previous investigations of the bc 1 complex based on molecular dynamics (MD) simulations and quantum chemistry (QC) calculations have revealed two feasible QH 2 binding motifs at the Q o -site, 10 giving rise to the possibility of two different charge transfer models. The two models, models I and II, differ in the protonation state of the Fe 2 S 2 -bound residue H156 (numbering is consistent with the crystal structure of the ISP subunit of the Rhodobacter capsulatus bc 1 complex 9 ), which is one of the key elements involved in the QH 2 binding and, as it will be evidenced in this study, in the subsequent charge transfer reactions at the Q o -site. The Q o -site for both models is featured in Figure 2 . This figure depicts the differences between the two models, in particular, the varied protonation state of the H156 residue and the impact it has on the charge transfer pathways. 11 The primary charge transfer reactions at the Q o -site involve one electron and one proton transfer from QH 2 to their bc 1 complex acceptor sites, 12, 13 and in general, these two processes can occur either sequentially or simultaneously. The possible scenarios in the deprotonated-H156 model I and protonated-H156 model II are schematically illustrated below.
Since the residue H156 is considered deprotonated in model I, the proton from QH 2 can be transferred directly to H156; however, in model II, the protonated H156 suggests a proton transfer to a different residue, which in previous investigations 11, 14 was thought to be a H 2 O molecule. The redox changes of the QH 2 and ISP fragments are depicted in models I and II as orange and magenta arrows, corresponding to electron and proton transfers, respectively. The models illustrate sequential charge transfer reactions, leading to intermediate states with a charged semiquinone and ISP. In the case of model I, only QH 2 and ISP change their redox states during the transfers, while in model II an additional water molecule, which acts as an intermediate proton acceptor, is involved. This water molecule is, therefore, included in the reaction scheme of model II. The diagonal arrows in models I and II illustrate the possibility of simultaneous electron and proton transfers, corresponding to the PCET regime, that undergoes a transition state (TS). Such a TS corresponds to a state in which both charges have started to be transferred from QH 2 to their corresponding acceptors, but these are not yet considered in a final state.
The present investigation supports the hypothesis of a possible PCET reaction as the primary reaction occurring upon quinol binding at the Q o -site of the bc 1 complex: exploration of all possible states portrayed in models I and II allowed the coupled character of the charge transfer processes to be The Journal of Physical Chemistry B Article revealed. Through an accurate calculation of the reaction energy profiles, the initial state (reactant), TS, and final state (product) of the bc 1 complex Q o -site were established. The analysis of molecular orbitals, charge delocalization, and electrostatic properties for the reactant and product states evidenced furthermore the coupled nature of the proton and electron transfers and allowed the driving force that stimulates the charge transfer reactions at the Q o -site in the two different binding scenarios of the quinol substrate to be determined.
■ METHODS
The primary charge transfer reactions occurring at the Q o -site of the bc 1 complex were characterized through an in-depth analysis of MD simulations combined with QC calculations of the two different configurations of the complex, corresponding to models I and II introduced in Figure 2 . The calculations, performed for models I and II, were divided into three main stages, summarized in Table 1 . First, MD simulations of the entire system in the reactant state 10 allowed an equilibrated configuration of the bc 1 complex to be obtained that describes its initial state prior to charge transfer reactions and, therefore, is considered optimal for QC analysis. Second, QC calculations were performed for a selected fragment of the bc 1 complex, composed of the residues largely involved in the charge transfer reactions and the QH 2 headgroup, as shown in Figure 2 . Finally, by using the atomic charges obtained from the QC calculations, a refined reactant as well as a product state of the entire system were simulated dynamically to acquire sufficient conformational statistics for describing the PCET free energy calculations.
All of the MD simulations were performed employing NAMD 2.11 15 utilizing the CHARMM36 force field with CMAP corrections 16 for the proteins. The QC calculations were carried out with the Gaussian 09 package, 17 employing the UB3LYP DFT method, 18 widely used previously in iron−sulfur containing system optimizations. 19−25 All images of the bc 1 complex, including molecular orbitals and electrostatic potentials, were obtained with VMD 1.9.2. 26 Technical details of the methods employed in the calculations are described below.
MD Simulations prior to Charge Transfer Reactions. In an earlier study, 10 360 ns long MD simulations were performed for the bc 1 complex represented through models I and II, allowing the bc 1 complex, with a bound QH 2 at the Q osite, to equilibrate first and then reach a stable conformation prior to the PCET reaction.
For modeling of the system in VMD 1.9.2, 26 the X-ray crystal structure of the bc 1 complex of Rhodobacter capsulatus (PDB ID: 1ZRT) 9 was embedded in a bilayer membrane, composed of 102 cardiolipin (CL 18:2/18:2/18:2/18:2), 406 phosphatidylcholine (PC 18:2/18:2), and 342 phosphatidylethanolamine (PE 18:2/18:2) lipids to represent a mitochondrial membrane. 14 The lipid membrane with the embedded protein was solvated within a TIP3P water box at a salt (NaCl) concentration of 0.05 mol/L, and neutralized with salt ions. The Rhodobacter capsulatus crystal structure originally contained stigmatellin and antimycin molecules bound at the Q oand Q i -sites, respectively, while the substrate molecules for the Q-cycle are QH 2 and Q. The Q and QH 2 molecules were thus aligned to the original antimycin and stigmatellin positions. The total simulation system consisted of 500,791 atoms in model I and 502,165 atoms in model II, including proteins with cofactors, substrate molecules, lipids, water molecules, and ions.
Addition of the hydrogen atoms that are missing in the crystal structure of the bc 1 complex was performed with the VMD plugin psfgen. 26 Standard charges and topologies of the bc 1 complex proteins were assumed, in accordance with the CHARMM36 force field. However, parameters for the prosthetic groups, hemes, and Fe 2 S 2 cluster were adopted to be consistent with earlier investigations, 14, 27 in which the groups are considered prior to PCET, i.e., in the oxidized form. Charges and topology of the QH 2 and Q cofactors were taken from an earlier study. 27 The standard CHARMM36 force field was employed 28 for the PE and PC lipids, as well as for lipid tails of CL. The CL headgroup charges and parameters were adopted from an earlier investigation. 29 All histidine residues of the bc 1 complex were considered as δ-protonated except for H156, which has been assumed deprotonated in model I and ϵ-protonated in model II. Inspection of the bc 1 complex crystal structure suggested disulfide bonds between the C144 and C167 residues from cyt. c 1 and between C138 and C155 residues from ISP. Both disulfide bonds were included in both computational models.
The simulations were performed in the NVT ensemble, where the temperature was kept at 310 K. The long-range electrostatic interactions were calculated, by employing periodic boundary conditions using the PME method, 28 with a smooth cutoff of 12 Å; the same cutoff was used for van der Waals interactions. All MD simulations were performed with a time Figure 2 and described in the text. Initial MD simulations were performed for the bc 1 complex in its reactant state in order to obtain an equilibrated configuration of the system. 10 The QC calculations are classified according to the localization of the electron (e − ) and proton (H + ) at either the QH 2 (donor) or H156/H 2 O (acceptor), reproducing all possible states in models I and II. Concluding 80 ns long MD simulations were performed using the refined force fields (FF), obtained from the QC calculations of the Q o -site residues in the reactant and product states.
step of 2 fs, and following a simulation protocol in which the system was equilibrated while keeping constraints on selected atoms: (i) first all protein backbone, (ii) then highly movable non-transmembrane segments of the ISP and cyt. c 2 subunits, and (iii) finally releasing all the atoms.
The trajectories obtained in an earlier investigation 10 were utilized to analyze the reactant state of the bc 1 complex and determine the driving force that the environment exerts on the transferring charges at the Q o -site. For this purpose, the analysis of the electrostatic potential was performed on a smoothed electrostatic potential grid, calculated by using the PMEPOT plugin 30 in VMD, using the entire 360 ns long MD trajectories for model I and model II.
QC Calculations. The QC calculations included the residues and cofactors involved in the charge transfer reactions, selected from the model systems previously equilibrated during the 360 ns MD simulations. The set of residues, shown in Figure 2 , constitutes the computational models of the Q o -site and was selected on the basis of criteria such as proximity to the quinol headgroup, proximity to the Fe 2 S 2 cluster, and the residue charge. These selection criteria guaranteed the inclusion of the charge donor and charge acceptor residues, as well as all charged or polar residues that would largely contribute to the driving forces during the charge transfer process.
The computational model of the Q o -site consisted of 168 atoms for model I and 172 atoms for model II, including the QH 2 headgroup, Fe 2 S 2 cluster, and pre-equilibrated side chains of cyt. b residues Y147, I292, E295, and Y302 and of ISP residues C133, H135, C138, C153, C155, and H156. In model II, a H 2 O molecule was additionally included in the QC calculations, as it corresponded to the most probable intermediate proton acceptor 10 in this particular case. The C α atoms of the side chain residues were replaced by CH 3 groups, employing for this purpose the MOLEFACTURE plugin of VMD. 26 All of the QC calculations employed two standard 6-31G(d) and 6-311G(d) basis sets to expand the electronic wave functions. The simpler 6-31G(d) basis set was used to efficiently find optimized reactant and product states of the Q o -site, and then, more refined calculations were performed with the 6-311G(d) basis set, as it describes more accurately systems with heavy atoms, such as Fe and S, due to its triple-ζ accuracy and additional diffuse functions. 31 The comparison of results obtained with the two basis sets is provided in the Supporting Information. Initial QC geometry optimizations of the Q o -site model in the reactant state were performed, and in order to avoid an unphysical collapse of the atoms, the C α atom positions, taken from the pre-equilibrated structure, were kept fixed during the optimization calculations.
In order to consider the possible sequential and concerted pathways of the electron and proton transfers during the primary charge transfer reactions at the Q o -site, see models I and II, the system was set up in all possible redox states that it could populate during single or coupled charge transfers from QH 2 to their respective acceptors (see Table 1 ). QC geometry optimizations were performed for all the single-transfer states. The transition states (TSs) were obtained through the synchronous transit-guided quasi-Newton (STQN) method 32, 33 in Gaussian 09. 17 Additional confirmation of the TS for the PCET was made throughout vibrational frequency calculations followed by intrinsic reaction coordinate (IRC) integration, 34 ,35 also performed in Gaussian 09.
Once the TSs for the two models were established, QC geometry optimizations were carried out from these states toward the reactant and product configurations of the Q o -site, generating a reaction path (energy profile) for the PCET reactions. A total of 31 configurations of the Q o -site were selected from these paths for each model, including the TS, product, and reactant states for further analysis, such as the calculations of molecular orbitals and atomic charges, derived following the ESP Merz−Singh−Kollman scheme. 36, 37 The ESP fitted charges were used for redefining the atomic charges of Q o -site residues, allowing consequent MD simulations to be performed for the bc 1 complex in the reactant and product states. For this purpose, Q o -site residues were redefined, allowing the topology files needed for MD simulations with refined charges to be updated, corresponding to the Q o -site in the reactant and product states. During the charge fitting process, charge symmetries were taken into account and only the atomic charges of the residue side chains were reassigned, while the charges of polypeptide backbone atoms were kept at the standard CHARMM36 force field values. 38 The modified atomic charges, used in the MD simulations, are provided in the Supporting Information.
To stress the influence of Y147 and E295 on the PCET reaction, additional QC calculations of the system were performed for two alternate configurations where (i) Y147 was replaced by a H 2 O molecule and (ii) where both residues Y147 and E295 were removed.
MD Simulations after PCET. MD simulations were performed for the bc 1 complex in the reactant and product states, utilizing the refined topology files obtained by reassigning the atomic charges of the Q o -site residues with the ESP charges taken from the QC calculations (see Table 1 ). By employing the modified charges, 80 ns long MD simulations, in the NVT ensemble, were performed using NAMD 2.11, for the bc 1 complex model I. All of the simulation parameters, such as temperature, interaction cutoff distances, ion concentration, and others, were the same as in the initial 360 ns long MD simulations. The 80 ns long MD trajectories were used to sample the total energy of the system in the different redox states and to carry out a statistical analysis of energy differences of the system in the reactant and product states. The energy differences were evaluated using Mathematica 10.3 39 and allowed to establish the free energy profile for the charge transfer reactions in model I.
■ RESULTS AND DISCUSSION
Earlier studies 10, 11, 14 suggest that two QH 2 binding motifs at the Q o -site of the bc 1 complex from Rhodobacter capsulatus are plausible, differing in the protonation state of the residue H156 of the ISP, as shown in Figure 2 . For both binding motifs, referred to as model I for H156 deprotonated and model II for H156 protonated, the primary electron and proton transfer reactions at the Q o -site were studied through an in-depth MD and QC analysis, allowing the energetics of the reactions and the nature of the proton and electron transfers to be established. For this purpose, TSs, corresponding to different charge transfer pathways, were obtained for model I and model II. From the calculated TSs, the charge transfer reaction pathways were revealed by scanning the potential energy surfaces along the charge transfer reaction coordinate. For a particular case of PCET reaction, analysis of the charge delocalization, electrostatic potential at the Q o -site, and free energy calculations allowed one to identify the key residues
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TS of the Charge Transfer Reaction. The TS for a molecular system separates the final state (product) from the initial state (reactant) on the potential energy landscape of a chemical reaction. Thus, once the TS of a reaction is identified, it is possible to follow a reaction coordinate in two opposite directions, starting from the TS and, thereby, to reconstruct the energy profile of the reaction. Finding the reactant, transition, and product states is key in the description of the reaction mechanism, as it allows one to establish the activation energy E A and the reaction energy ΔE, and hence to characterize the reaction itself.
By performing QC geometry optimizations over all the states depicted in models I and II, investigations of possible sequential and simultaneous electron and proton transfers at the Q o -site of the bc 1 complex were carried out. Despite all of the efforts, intermediate states, in which either the electron or the proton had been transferred, could not be established, since the system always relaxed to either the initial state, in which neither charge has been transferred, or the final state, in which both charges have been transferred simultaneously; i.e., only reactant and product states could be established. These results hint strongly that only a simultaneous reaction, in which the electron and the proton are transferred in a concerted manner, is feasible at the Q o -site, as indicated by diagonal arrows in models I and II, and that the reaction coordinate corresponds to the diagonal route in the models.
In contrast, the TSs for the concerted reactions were established for model I and model II, thus allowing the reactant and product states to be reconstructed and revealing the energy landscapes of PCET reactions. Figure 3 shows the energy profiles calculated for the two models of the Q o -site and indicates the TSs, which corresponds to the highest energy values of the profile in each model, as well as the initial and final electronic configuration of the Q o -site.
As indicated in Figure 3 , model I reactants correspond to a bound QH 2 Energetics of the Charge Transfer Reactions. The intrinsic differences in the molecular structure of the charge acceptors between the two studied computational models determine the pathway of the proton transfer from QH 2 to the bc 1 complex. In model I, the proton is transferred to H156 of the ISP, leading to the formation of a radical ISP(H)
• ; however, as per a protonated H156 in model II, the proton is transferred to an acceptor H 2 O molecule, leading to the creation of a hydronium ion H 3 O + , in addition to the ISP(H)
• radical that is being formed by the electron transfer to the initial ISP(H) + . Such differences in the reaction mechanism manifest as differences in the reaction energy profiles, demonstrated by the activation energy, E A , and reaction energy, ΔE, in Figure 3 .
In both considered models, the energy of the reactant state is lower than the energy of the product state, indicating that the associated charge transfer reactions are uphill processes. This means that the reactions can occur backward, bringing the charges back to the initial QH 2 donor, even after the initial transfers have occurred. The probability of this back transfer to happen is, however, higher in the case of model II than in the case of model I, where the difference E A − ΔE is considerably higher (see Table 2 ). The Journal of Physical Chemistry B Article Table 2 summarizes the activation and reaction energies obtained from the QC calculations, as well as the difference E A − ΔE for both studied models of the Q o -site. The activation energies are 14.20 and 8.94 kcal/mol for model I and model II, respectively. This comparison suggests that the PCET is more likely to occur in a configuration of the system described by model II, with a protonated H156 residue. Such a difference has a direct impact on the kinetics of the charge transfer reactions, 40 leading to a higher PCET rate constant in the case of model II than in the case of model I. However, the rate constants of the reverse charge transfer reaction have to be taken into account in order to establish the stability of the PCET process. The rate constant for the reverse reaction in the case of model II also depends on the diffusivity of H 3 O + , which is the proton carrier in this case. The diffusion of the hydronium ion away from the Q o -site could assist the prevention of the proton transfer in the reverse reaction, even though the low energy barrier of the reverse reaction in the case of model II makes it favorable to occur.
As listed in Table 2 , the barriers for the back reactions, E A − ΔE, differ for both models, being equal to 11.69 kcal/mol for model I and 0.52 kcal/mol for model II, respectively, strongly affecting the reaction kinetics, namely, the stability of the product state after the PCET. In model I, E A − ΔE is considerably larger than this in the case of model II: a small energy barrier in the case of model II reveals that the system is equally likely to populate the TS and the product state, making the latter a rather unstable state of the system, and allowing a proton transfer back toward its initial donor QH 2 .
The observed difference between the two models is primarily attributed to the fact that the proton acceptor in the case of model II is a solvent H 2 O molecule, as opposed to model I where the acceptor is the H156 residue. Even though model I seems to represent a more stable product state, it is possible that the hydronium is necessarily formed as an initial proton transporter to be translocated across the membrane. Previous studies 10, 14 suggest this possibility, and here it is evidenced to still be a plausible scenario. Table 2 summarizes the energies calculated by using the B3LYP/6-31G(d) method with a double-ζ precision basis set. All calculations were carried out using the triple-ζ B3LYP/6-311G(d) and double-ζ B3LYP/6-31G(d) basis sets for the , and product state (lower panels). Left panels show the molecular orbital undergoing a significant change upon the charge transfer reaction. Right panels show a zoom into the Q o -site with QH 2 and ISP highlighted; the magenta sphere represents a proton that undergoes a transfer from QH 2 to the ISP, and is shared by both reaction partners in the TS (middle panel). The reaction coordinate of the charge transfer reaction (see Figure 3) corresponds to the displacement path of this proton, and is confirmed by an imaginary oscillation mode in the TS (orange arrow).
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Article purpose of testing the accuracy of different methods. A comparison of the calculations for the two basis sets is given in the Supporting Information. A relatively small difference in energies, shown in Table 2 , computed with different methods, suggests that both methods could actually be used to describe the studied PCET reactions.
Reactant and Product States of the PCET. Structurally, the TS of the PCET occurring at the Q o -site corresponds to a quinol-donor hydrogen H2 shift toward its acceptor atom, NE2 of H156 in the case of model I or OH2 of the H 2 O molecule in the case of model II (see Figure 2 ), accompanied by a redistribution of the transferring electron between the donor, QH 2 , and acceptor, Fe 2 S 2 . However, in the reactant and product states, the transferring charges are well localized in their specific donor and acceptor residues. In the reactant state, the electron is localized at the donor, QH 2 site, and the proton (H2 atom) is bonded to it, while in the product state, the proton is bonded to the acceptor, H156 or H 2 O (in model I and model II, respectively), and the electron is localized at the Fe 2 S 2 cluster site. Snapshots of the product, transition, and reactant states in model I are depicted in Figure 4 , where the hydrogen atom, highlighted as a magenta sphere, depicts the transferring proton, and the calculated highest occupied molecular orbital (HOMO), in orange and blue, illustrates the transferring electron.
The hydrogen atom is localized equidistant from its donor, QH 2 , and acceptor, H156, in the TS (middle panel), and appears bonded to the donor (upper panel) and the acceptor (lower panel) in the reactant and product states, respectively. The orange arrow shown atop the hydrogen atom corresponds to the imaginary normal vibration mode, obtained through QC calculations for the TS. A single imaginary frequency in the normal vibration spectrum was revealed by the B3LYP/6-311G(d) calculation, indicating a first order TS which hints on the proper reaction coordinate, and indicates a bond breakage of the donor−proton bond, as expected in a TS. 41 The vibration mode involves the motion of the H atom along the line connecting the donor and acceptor sites. The delocalization of the HOMO evidences a partially transferred electron in the TS, while a well localized HOMO at the donor and acceptor sites can be seen for the reactant and product states, respectively.
Molecular Orbitals Redistribution upon Charge Transfer. The coupled nature of the primary charge transfer reaction at the Q o -site of the bc 1 complex can be described through a quantum mechanical analysis of the electronic structure and atomic spatial distribution studied along the reaction path.
For this purpose, the electronic distribution at the Q o -site was calculated for the 31 selected configurations, following the reaction profile in Figure 3 . The HOMO, computed for each configuration, allowed the distribution of the valence electrons at the donor and acceptor sites during the charge transfer reaction to be visualized. Most of the remaining occupied molecular orbitals exhibit minor perturbations. The HOMO calculated for the 31 configurations, is displayed in a movie (see the Supporting Information), which features the reaction pathway dynamically. Figure 4 shows the HOMO, calculated for the initial, transition, and final states of the Q o -site in model I. Initially, the HOMO is localized around the QH 2 substrate headgroup, while it shifts toward the ISP upon the charge transfer reaction; the TS features electron delocalization between QH 2 and ISP, as it is expected during an electron transfer. 42 HOMO delocalization in the TS of the two computational models, suggests that in the course of the charge transfer reaction the system features charge delocalization throughout the different residues of the Q o -site. An analysis of the atomic charge assignments provides a more quantitative description of such delocalization and hence a more accurate characterization of the reaction mechanism.
Charge Distribution at the Q o -Site. Through QC calculations, the atomic charges were obtained for each of the 31 selected configurations. Figure 5 shows the total ESP-fitted charges computed for the residues of the Q o -site in the case of 
Article model I and model II. With exception of the transferring proton charge, the atomic charges are summed into fragments to illustrate the effect of charge exchange at the Q o -site during the charge transfer reactions. The residues at the Q o -site are colored by fragments (upper panel), for which the total charge is calculated as a function of the reaction coordinate (lower panels). In both models, charge delocalization is evidenced given a specific molecular structure: in model I, a negative charge is transferred from the QH 2 substrate (blue) to the ISP (magenta), while keeping a nearly constant charge distribution in the Y147 (red) and E295 (green) residues. The transference of charges during the reaction is described through stepwise changes in the total charge of the donor and acceptor molecules upon the change of the reaction coordinate.
In model I, one notes a symmetrical change of charge of the total charge of the QH
• and ISP fragments, see blue and magenta and lines in Figure 5 , which provides the evidence of the electron transfer reaction between the QH 2 and ISP fragments. In model II, however, the existence of a coordinating H 2 O molecule in the Q o -site affects the charge transfer between QH 2 and ISP, showing a slight asymmetry in the total charge of these fragments. Furthermore, a slight increase of the orange line indicates that the total charge of the H 2 O fragment (proton acceptor) increases simultaneously as the charge of the ISP fragment (electron acceptor) decreases.
The difference in the initial total charge of the ISP fragment for both computational models is due to the difference in the protonation state of the residue H156, which makes the initial total charge of the ISP in model I ∼ −1.0 e and that in model II ∼0 e. In both models, the Y147 and E295 residues maintain a highly conserved charge for all the reaction coordinate values, indicating that these residues do not act as charge donor or acceptors in the course of the reaction.
The described charge exchange between donor and acceptor residues at the Q o -site furthermore evidences a PCET process in the Q o -site of the bc 1 complex which is expected to be driven by electrostatic and thermodynamic effects of the environment that surrounds the Q o -site.
Effect of Environment on PCET at the Q o -Site. The total energy of the system measured for different redox states of the Q o -site allows the free energy of the PCET reaction to be established. For this purpose, the total energy of the system in the reactant state must be established, and compared to the energy of the system in the product state. In the present investigations, MD simulations were performed, considering the system as it resembles the reactant and the product states, and a reaction coordinate, ΔE, was defined as the energy difference between the reactant and the product state. This definition of the reaction coordinate is in general used for free energy calculations of charge transfer reactions, 43 as it allows the free energy to be described in terms of energy differences between reactant and product states.
Since the PCET reaction is essentially a quantum mechanical process taking place at the Q o -site, one needs to differentiate the Q o -site from its environment in the different redox states of the bc 1 complex. The Q o -site model is defined here according to Figure 6 . Free energy differences of the PCET. (a) The Q o -site of one of the bc 1 complex monomers is indicated schematically by a red striped area in order to differentiate it from its molecular environment, which is composed of water, the lipid membrane and the remaining bc 1 complex. The PCET process is described through four different configurations of the system, where the Q o -site and its molecular environment were individually assumed to resemble the reactant and the product states of the bc 1 complex. (b) The distributions P(ΔE) of the energy differences ΔE between the two configurations of the bc 1 complex, before and after the PCET reaction, assuming that the molecular environment of the Q o -site resembles the reactant (blue) and product states (red). The energy differences are calculated using eqs 5 and 6. (c) The free energy differences of the PCET process in the bc 1 complex were calculated, for the reactant (blue) and the product (red) states of the Q o -site, from the probability distributions shown in part b according to eq 7. Colored labels on the plot identify the four configurations of the Q o -site (Q o ) and its molecular environment (Env) for which the total energy of the system was sampled; blue color indicates that Q o or Env are in the reactant state of the bc 1 complex, while red color indicates these parts of the system are in the product state.
its involvement in the quantum mechanical process, and it includes the atoms that have been considered in the QC calculations, as shown in Figure 2 . The environment surrounding the Q o -site, on the other hand, is composed of the remaining protein, lipids, water, and ion atoms that have been considered in the MD simulations; see Figure 6a . The total energy of the system can, therefore, be described as the sum of the energy of the Q o -site E Q o , the energy of the environment E Env , and the interaction energy between the Q osite and the environment E int , as
The total energy of the system is then calculated from the classical MD simulation, using the force field approximation, for every frame of the MD trajectories. However, an additional correction to the energy has to be taken into account, as the PCET could not be described by classical mechanics but instead quantum mechanically. This means that the energy of the Q o -site in eq 3, obtained from MD simulations, should be replaced by the QC energy of the Q o -site, and thus the total energy of the system is
Here, the superscript (MD) indicates that the energy was calculated from MD trajectories, while the superscript (QC) indicates that this was obtained from QC calculations. In order to obtain the reaction coordinate for the free energy calculation, i.e., the energy differences ΔE between the reactant and product states, the calculation of the total energy in eq 4 is performed for the reactant and product states of the system for every frame in the refined 80 ns long MD trajectories (see Table 1 ).
For every frame of the MD trajectory in which the system is in the reactant state, one considers two redox states of the Q osite, while keeping the environment in the reactant state. The energy difference, thus, corresponds to the total energy difference between the two configurations of the system where the Q o -site has been changed upon the PCET reaction, while the environment did not have enough time to respond to these changes. The energy difference thus reads as
where the first letter in the superscript indicates the redox state of the environment (R ≡ reactant), and the second superscript corresponds to the redox state of the Q o -site (R ≡ reactant; P ≡ product). The energy E total RR is readily obtained from MD simulations corrected through QC calculations employing eq 4. To calculate the energy E total RP , it is required to set the atomic charges of the atoms in the Q o -site to the values that correspond to the product state, while preserving the positions and charges of the atoms of the environment as in the reactant state simulations. In other words, E total RP could be obtained once the system resembles an environment of the reactant state and the Q o -site of the product state. Analogous calculations are carried out for the product state, in which case the energy difference is
Once the energy differences ΔE R and ΔE P are obtained for the 80 ns long MD trajectories of the reactant and product states, it is possible to compare the probability distribution of the energy differences for both states of the bc 1 complex, as shown in Figure 6b . The distributions p(ΔE R ) and p(ΔE P ) are expected to follow the Gaussian profile
where the superindex i corresponds to R (reactant) or P (product) states, σ i is the width, and μ i is the average energy difference of the distribution p(ΔE i ). The free energy could be readily calculated once p(ΔE R ) and p(ΔE P ) are known:
Here the superscript i stands for P (product) and R (reactant) states. Figure 6c shows the resulting free energy curves. The definition of the free energy in eq 7 implies that the energy profiles for the reactant and product states cross at ΔE = 0; this is achieved by shifting the energy of one state in reference to the other. The resulting free energy profiles presented as a function of the energy difference indicate that the rate of the backward PCET process differs from the rate of the forward PCET process, which could be concluded from the asymmetry of the two energy curves in Figure 6c . Moreover, the relative position of the curve minima indicates that the PCET appears to be energetically a downhill process. This result should be differentiated from the energy profile described by the pure QC calculations in Figure 3 , as the latter only describes a single conformation of the system, while the free energy calculations take into account the environment of the Q o -site and provide a statistical averaging over a considerable number of possible configurations, that the system could populate.
The free energies obtained in this study are intended to further characterize the primary PCET at the Q o -site of the bc 1 complex, and can be used to obtain the rate constants of the underlying charge transfer processes. However, further calculations of the PCET rate constants require additional information such as establishing the adiabaticity regime in which the reactions occur, the coupling of the quantum states that describe the system in the reactant and product states, and possibly extending MD simulations as well as performing multiple calculations for the different configurations of the Q osite.
Key Role of E295 and Y147. In a previous study, 10 based on MD simulations and QC computations of the Q o -site of the bc 1 complex, it was demonstrated that the residues E295 and Y147 feature rearrangements to form a hydrogen bonding network with QH 2 . In the present MD simulations, the Y147 residue occasionally turns away from the QH 2 headgroup, letting a water molecule occupy its place instead. In order to study the specific role of E295 and Y147 in the PCET process, the Q o -site model I was modified such that (i) both residues (E295 and Y147) were removed and (ii) the Y147 residue was replaced by a water molecule.
The TS of the PCET reaction could not be established once the Q o -site was missing the E295 residue, indicating that in this case the charge transfer reaction is energetically unfavorable, or even impossible. On the contrary, once E295 is present but Y147 is replaced by a H 2 O molecule, the TS could be found from QC calculations. The energy profile of the corresponding charge transfer reaction is shown in Figure 7 , where the optimized structures for the reactant and product states are indicated in the upper panels.
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The findings provide further support for previous investigations in which it was suggested that E295 acts as a proton acceptor, while Y147 does not play a fundamental role in the QH 2 binding or proton transfer from QH 2 . However, all calculations where Y147 is present indicate a mediation of this residue in the QH 2 binding as well as in the subsequent proton transfer. The findings thus strongly suggest that Y147 acts as an intermediate bridge for the proton transfer between QH 2 and E295.
It is remarkable that the energy profile in Figure 7 is largely similar to the energy profile calculated for the complete Q o -site model I shown in Figure 3 , which indicates that the charge transfer reactions at the Q o -site are possible even in the absence of Y147 at the Q o -site. The E295 residue, however, is essential for the reaction to occur, as its mutation could lead to the prevention of the primary PCET reaction.
Electrostatic Potential Distribution at the Q o -Site. Since the primary charge transfer reaction at the Q o -site of the bc 1 complex seems to be affected by the E295 residue, one should expect that its electrostatic properties should contribute greatly to the generation of a proper electrostatic environment for rendering the primary charge transfer reactions from QH 2 to the ISP.
Earlier 360 ns long MD simulations 10 were employed here to compute the time averaged electrostatic potential of the Q o -site for the two studied models. Figure 8 shows two well-defined positive and negative electrostatic potential regions around the QH 2 headgroup: the negative potential (red surface) is strategically centered around the side chain of E295, and the positive potential (blue surface) embraces the iron−sulfur cluster. This particular electrostatic potential distribution can produce a driving force for the valence electron of the QH 2 headgroup, indicating that it may be the key element that enables its transfer to the ISP.
As the repulsive force generated by the negative electrostatic potential, localized near the E295 residue, drives the valence electron toward the acceptor Fe 2 S 2 , it would seem that the PCET is initiated by the electron transfer that consequently drives a proton transfer. However, a more detailed analysis is called for at this point, in which the adiabaticity of the electron and proton transfers are accurately evaluated considering the present results.
■ CONCLUSIONS
The present study shows the coupled nature of the primary proton and electron transfer (PCET) reactions that initiate the Q-cycle at the Q o -site of the Rhodobacter capsulatus bc 1 complex. This PCET process was established through the detailed analysis of reaction energetics, computed quantum mechanically for possible charge transfer reactions from the QH 2 to the Fe 2 S 2 cluster of the ISP subunit in the bc 1 complex, featuring two different models of the Q o -site, which differ in the protonation state of the key H156 residue. Particularly, for the deprotonated H156 model, which seems to support a more stable reaction, the charge delocalization at the Q o -site indicates that an electron and a proton from the QH 2 molecule are transferred in tandem, driven by a specific electrostatic potential distribution at the Q o -site. . In both models, the electrostatic potential in the reactant configuration, before any charge transfer reaction, identifies a driving force for the electron directed toward the Fe 2 S 2 cluster electron acceptor.
The involvement of key residues, such as H156 of the ISP subunit and Y147 and E295 of the cyt. b subunit, in the primary PCET reaction is further elaborated, as previous MD analysis had indicated their importance. 10 The Y147 and E295 residues rearrange to form hydrogen bonds with the QH 2 , and assist the second proton transfer from QH 2 , which is expected to flow, toward Y147 and subsequently E295.
Free energy calculations obtained for the PCET process at the Q o -site showed that the molecular environment of the Q osite plays an important role in the PCET energetics and the driving force of the reaction. The performed free energy calculations illustrate the charge transfer processes at the Q osite but also suggest that, in order to obtain an accurate estimate of the PCET reaction rate constants, it is necessary to reveal the adiabaticity of the proton and electron transfers. This can, for example, be achieved by exploring the Q o -site of the bc 1 complex through hybrid computational methods such as QM/ MM 44 or a polarizable embedding approach. 45 Although the present investigation reveals the coupled nature of the primary charge transfer reactions at the Q o -site of the bc 1 complex, the studied physical mechanism provides only a first step toward describing fundamentally important ubiquitous mechanisms of energy transport in cellular respiration and higher photosynthetic organisms, and strives for follow up investigations. 
